


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1986-12 


Radiation characteristics of selected long wire 
antennas as a function of geometry using 
computer modeling techniques 


Gillespie, Robert James, Sr. 


Monterey, California: U.S. Naval Postgraduate School 
http://ndl.handle.net/10945/22058 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
(8 DUDLEY research materials and institutional publications created by the NPS community. 
«ist Spe Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS'‘s first 


INN KNOX appointed — and published -- scholarly author. 

| LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


DUDLEY Kiva? LINRARY 
Te fel FS tee my &@cHoOoL 
POU UEDA BY, CALIPORE LA. 03943-6002 














NPS62-87-004 


NAVAL POSTGRADUATE SCHOOL 


Monterey, California 





TRES|IS 


RADIATION CHARACTERISTICS OF SELECTED LONG 
WIRE ANTENNAS AS A FUNCTION OF GEOMETRY 
USING COMPUTER MODELING TECHNIQUES 
by 


Robert James Gillespie Sr. 


December 1986 


Thesis Advisor: Richard W. Adler 





Approved for public release; distribution unlimited 


Prepared for: 
Marine Corps Development and Education Command 


Quantico, VA 22134 
pen | 
) 
1230525 


NAVAL POSTGRADUATE SCHOOL 
Monterey, CA 93943 


Rear Admiral R.C. Austin D.Aw Sehrada, 
Superintendent Provost 


This thesis was prepared in conjuction with research 
sponsored by the Development Center, C-3 Division, MCDEC, 
Quantico, VA, under work order M54026WRO6 EK. 


Reproduction of all or part of this report is 
authorized. 


| 


Sapa y-CUASSIICATION OF Tait FACE 
REPORT DOCUMENTATION PAGE 


fa REPORT SECURITY CLASSIFICATION lp RESTRICTIVE MARKINGS 


UNCLASSIFIED 
fa SECURITY CLASSIFICATION AUTHORITY 





3 DISTRIBUTION/ AVAILABILITY OF REPORT 


Approved for public release; 
distribution is unlimited 





{ 
| 






b DECLASSIFICATION / DOWNGRADING SCHEDULE 








| PERFORMING ORGANIZATION REPORT NUMBER(S) S MONITORING ORGANIZATION REPORT NUMBER(S) 
NPS62-87-004 NPS62-87-004 
la NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL 27a NAME OF MONITORING ORGANIZATION 
(If applicable) 
Naval Postgraduate Schoo Code 62 Naval Postgraduate School 
s ADORESS (City, State, and ZIP Code) 7b ADDRESS (City, State, and ZIP Code) 
. . ° . 
Monterey, California 93943-5000 Monterey, California 93943-5000 
,, NAME OF FUNDING: SPONSORING Bb OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER 
ORGANIZATION 1 t F (if applicable) 
3 vor s Develaqpment an 
Fane. Ranh p M54026WRO6 EK 








2 ADDRESS (City, State, ard ZIP Code) . 10 SOURCE OF FUNDING NUMBERS 


PROGRAM PROJECT TASK WORK UNIT 
: ‘ eas ELEMENT NO NO NO ACCESS'ON NO 
Mtantico, Virginia 22134 


 T:TLE (include Security Classification) RADIATION CHARACTERISTICS OF SELECTED LONG WIRE AN- 
ENNAS AS A FUNCTION OF GEOMETRY USING COMPUTER MODELING TECHNIQUES 





2 PERSONAL AUTHOR(S) 
mmeespie, Robert J. Sr. 


Ja TYPE OF REPORT 13b TIME COVERED 14 DATE OF REPORT (Year, Month Day) |15 PAGE COUNT 
mster's Thesis FROM 0 a 1986 December ove 


> SUPPLENSENTARY NOTATION | 


r COSAT: CODES 18 SUBJECT TERMS ( nee on reverse if n We aha eeu 6 wae numoer) 


nna 
FELD SUBGROUP Antenna Mode iYng, ong Wire te 
eee 


) ABSTRACT (Continue on reverse if necessary and identify by block number) 
_—~~meediests, Sponsored by the Marine Corps Development and Education Com- 


Nand, Quantico, VA, examines the far field patterns of five high frequency 
-ong wire antenna configurations through the use of the Numerical Electro- 
hagnetics Code (NEC). Lossy ground and the effects of variations made to 
shese structures are considered. The resulting far field patterns are con- 
-ained in the appendix. 
Merhe antenna configurations vary in length from 1.87 to 17.19 wavelengths 
and in their height above ground from 0.103 to 0.610 wavelengths. Varia- 
zions in the antennas end-regions include: the use of a ground rod or radial 
screen attached to the transmitter, terminating the far end of the antenna, 
mid varying the shape of the transmitter from a small box (radio-sized) to 
2 large (vehicle-sized) configuration. 

Tt is concluded that both the antenna height and length determine the far 


9 OS"RIZUTION/ AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION 

Bl encvassiticounumiteo Osame as ret  Cloric users | UNCLASSIFIED 

2 NAME OF RESPONSIBLE INDIVIDUAL 22p TELEPHONE (include Area Code) 
chard i. adler 62Ab 


oD FORM 1473, 84 MAR 83 APR edition may be used until exhausted SECURITY CLASSIFICATION OF THIS PAGE 
Allother editions are obsolete 


Radiation pes ee ees Marine Corps 








SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered 


#3 continued 
field geometry, and that end-region variations also impact, 


though to a lesser degree, on the pattern. Tables of comparative 
results are provided. 





SN 0102- LF 014-660) 
Z, 


SS chp esperar 
SECURITY CLASSIFICATION OF THIS PAGE(When Dete Entered) 


Approved for public release; distribution is unlimited 
Radiation Characteristics of Selected 
Long Wire Antennas as a Function of Geometry 
Using Computer Modeling Techniques 
by 
ienemy James Gillespie sr. 


Captain, United States Marine Corps 
B.S., United States Naval Academy, 1978 


eubMmaceed in partial fulfillment 
of the requirements for the degree of 
MASTER OF SCIENCE IN ELECTRICAL ENGINEERING 
from the 


NAVAL POSTGRADUATE SCHOOL 
December 1986 


ABSTRACT 


This thesis, sponsored by the Marine Corps Development 
and Education Command, Quantico, VA, examines the far field 
patterns of five high frequency long wire antenna configu- 
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from a small box (radio-sized) to a large (vehicle-sized) 
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It is concluded that both the antenna height and length 
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variations also impact, though to a lesser degree, on the 
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1. INTRODUCTION 


{$260 A DEES IE HA COSEETASORNE OAT EHNS RAEN ORs Rode OORT OmTO OAR TAA ewa ENO OA EeD 


A. TACTICAL HIGH FREQUENCY (HF) COMMUNICATION REQUIREMENTS 
This investigation into the performance of field expe- 
dient long wire antennas was conducted in order to provide 
the Marine Corps with the necessary information to optimize 
the construction and orientation of a high frequency field 
expedient long wire antenna configuration. Although the 
specific type of field expedient antenna was not specified, 
the following guidance OS received concerning a likely 
communications scenario wherein the antenna would be 
employed: 
- The communication link under consideration is a shore 
based, point to point, long range (1000 to 1500 


nautical mile), high frequency radio teletype link. 


- It is desirable to maintain a single hop sky wave 
communication link. 


- The transceiver is capable of generating up to 400 
watts peak envelope power (PEP). 


- The transceiver may be vehicularly mounted. However, 
the particular vehicle to be employed is to be con- 
sidered transparent to the nature of the 
investigation. 

The typical antenna configuration might include either 
a whip or a horizontally oriented half wave dipole which 
radiate in an omnidirectional manner (or nearly so). Ina 


point to point communication circuit, however, they are 


much less efficient in terms of directed power than a 


directional antenna. ene long wire antenna which can 
easily be configured as either a bi- or unidirectional 
antenna with a comparatively narrow beamwidth is one 

example of an alternative antenna with this advantage. 

The long wire antenna is only one of many HF antennas 
that can be constructed as field expedient and is capable 
of meeting the needs of the long range communication link. 
Due to its relative ease of construction for the range of 
frequencies being considered, it may, under a variety of 
circumstances, be the preferred choice. 

Although emphasis is placed on the construction of the 
antenna ina field environment, it is assumed that certain 
materials available through the supply system, or available 
at the organizational level in the form of SL-3 components, 
are accessible for the construction of the antenna. Cer- 
tain prefabrications and material acquisitions may be nec- 
essary in order to support the full range of antenna 


configurations investigated. 


B. THE LONG WIRE ANTENNA 

The “long wire antenna" has been defined in a strict 
sense as an antenna consisting of a single straight wire, 
either unbroken or with a feedpoint gap at a current maxi- 
mum when the antenna has a standing wave current distribu- 
tion; whose overall length is greater than one-half wave. 


length [{Ref. 1]. In addition to this strict sense 


definition, several derivatives of the long wire antenna 
exist, including the "sloping V" and the "vertical half 
rhombic" to name two, that will often be categorized under 
the heading of "long wire antennas". All of these antenna 
are directional. 

The long wire antenna may be constructed to operate in 
either a standing wave or travelling wave mode. By leaving 
the ends of the antenna open ended, current and voltage 
distributions form standing wave patterns along the length 
of the structure as a result of the reflected waveforms. 
These standing wave patterns are similar to those experi- 
enced on open ended transmission lines. Antennas that ex- 
hibit current and voltage standing wave patterns formed by 
reflections from the open end of the wire are referred to 
as "standing wave" or "resonant" antennas. [Ref. 2] 

If the antenna is elevated at a small height above the 
ground relative to a wavelength at the operating frequency, 
and if the end(s) of the antenna is (are) terminated! with 
a resistive load, then complete elimination of reflected 
current is possible [Ref. 2}. The antenna in this configu- 
ration can be seen, through image theory, as a guiding 


structure along which the waves travels and radiates 


1Depending on the configuration chosen for the antenna, 


either one end (e.g., an end fed long wire), or both ends 
(e.g., an other-than-end fed long wire) may require 
termination. 


energy. Energy that has neither been radiated to the sur- 
rounding environment nor dissipated due to the resistance 
of the antenna wire, is dissipated in the terminating re- 
sistor. The value of the load resistor to achieve the de- 
sired impedance match is equal to the characteristic 
impedance of the wire near the ground [Ref. 2]. In this 
configuration the structure is said to support travelling 
waves, as opposed to standing waves, and is called a 
"travelling wave" antenna. 

Most literature that addresses long wire antennas and 
their derivatives, formulate the mathematical expressions 
to describe their performance by deploying the antennas in 
free space or over perfectly conducting ground. The obvi- 
ous reason of course is that by approaching them in this 
fashion, many simplifying assumptions may be made. Unfor- 
tunately, tactical conditions tend to void these simplistic 
scenarios, and typically, conditions of poorly conducting 
or lossy ground are encountered in the form of sandy, arid 
soil. Notwithstanding this argument, the general charac- 
teristics of the long wire antenna in free space will 
briefly be described to develop a baseline from which the 
investigation proceeds. 

1. Long Wire Antennas in Free Space 

Strict sense long wire antennas project a far field 
radiation pattern in the form of multiple cones of radia- 


tion. The axes of the cones coincide with the axis of the 
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antenna wire, and the sides of the cones are inclined at 


various angles with respect to the wire. The following 


general observations apply [Ref. 1]: 


a. 


Bx 


There is a lobe in the radiation pattern for each 
half wavelength of wire length. 


The largest lobe of the radiation pattern is the one 


forming the smallest angle with the wire. For the 
travelling wave (terminated) case, this lobe is in 
the direction of the current flow only. For the 


standing wave (unterminated) case, the radiation 
pattern is symmetric with respect to the wire axis 
and so has a complimentary major lobe toward the 
other end of the wire. 


Half of the lobes are tilted forward, and half of 
them tilted backward. If the antenna is an odd 
number of half wavelength long, there is an odd 
number of lobes, so one of them will be normal to the 
wire. 


With travelling waves, the field strength pattern has 
lobes of diminishing amplitude, the smallest being in 
the direction opposite that of current flow. 


Regions of little or no radiation, called nulls, are 
symmetrically distributed about the plane normal to 
the middle of the wire. 


Typical deviations from idealized current distribu- 
tions modify the relative lobe amplitudes slightly, 
and fill in the zeros slightly, but do not affect the 
angles of the lobes of maximum radiation or the nulls 
in the radiation pattern. 

Transition to a Practical Structure 


a Effects of the Earth as a Ground Plane 


The introduction of a ground plane to the long 


wire antenna introduces ground reflections which directly 


affect the far field radiation patterns. The presence of 


the ground also affects the radiation resistance and the 


input impedance due to mutual coupling between the antenna 
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and its image. The resistance of the wire used for the an- 
tenna is usually small, but in a very long wire, the total 
resistance may be appreciable. In addition to its direct 
affect on the input impedance, this resistance also changes 
the form of the current distribution on the wire in both 
the resonant and nonresonant antennas and, as a result, 
further affects the radiation pattern. [{Ref. 3] 

The earth acts as a fairly good conductor at 
frequencies up to 3 MHz. At higher frequencies however, 
the ground may take on characteristics more closely aligned 


with those of a lossy dielectric rather than a good conduc- 


tor [Ret. 4 |. At these frequencies, the earth’s conductiv- 
ity varies greatly depending on the soil composition. Some 
typical values are given in Table l. For land based sys- 


tems, rich soil represents "good" conditions while rocky or 
sandy arid soil represents poor conditions. 

With relatively low conductivity, electric 
fields generated by the antenna penetrate into the lossy 
earth and excite currents which in turn give rise to ohmic 
loss. This loss appears as an increase in the antenna’s 
input resistance and thereby lowers the radiation effi- 
ciency of the antenna [Ref. 5]. Some additional insight 
into this area was gained through the work of George Hagn 
of SRI International, Arlington, Virginia, whose findings 


indicate that the conductivity and dielectric constant of 


nc 


typical soil samples are not fixed, but vary as a function 


of frequency. Refer to Figures 1.1 and 1.2. 


TABLE 1 


TYPICAL VALUES FOR GENERAL GROUND CLASSIFICATIONS 


Ground ; Conductivity ; Dielectric Constant | 
! Conditions ! (mhos/meter ) ! (farads/meter) ! 
(GoD tl 0.01 —. come : 
ee. FAIR fo 0.005 ia) Conn ae ! 
' POOR oS 0.001. ie « > : 


—_ ee ee eee eee eee eee ieee 
—_— = ee ae oe ee oe oe eee eee eee eee eee eee eee 


b. Geometry? 

In transitioning from the sterile free space 
environment to the practical tactical environment, several 
changes must be made which will impact upon the antennas 
geometry. It is expected that each change made will con- 
tribute in varying degrees to the specific measurable char- 
acteristics of the antenna, such as the far field radiation 
patterns and input impedance. The results of introducing 
specific changes to the antenna geometry do not lend them- 


selves to the broad based and well documented results as 


STN OE EERE EAE Ot 


2The term geometry as used here is applied in a broad 
sense to include the physical orientation of the long wire 
section of the antenna, the driving point or feed point ge- 
ometry, and any near field structures that are purposely 
introduced into the system to physically support or elec- 
trically excite the antenna elements, or modify the far 
field radiation characteristics of the antenna. 
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HAGN, 1985 


Rice Paddy (not flooded) 


CONDUCTIVITY ~- S/m 





<- 4 6 8 10 12 14 16 18 20 22 24 26 e8 30 
FREQUENCY - MHz 


Figure 1.1 Conductivity as a Function of Frequency. 
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HAGN, 1985 


Sea water 


RELATIVE DIELECTRIC CONSTANT ~ NUMERIC 





<2 4 8 8 320 12 14 18 1318 2 22 24 26 28 2 
FREQUENCY =- MHz. 


Figure 1.2 Dielectric Constant as a Function of Frequency. 
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was the case in the previous sections. As such, this may 
be considered the point of departure from the information 
that is available or can be derived from the literature, to 
the thrust of this investigation - the examination of the 
cumulative results of changes to the antenna geometry. 
Several structures are to be introduced to the 
practical horizontally oriented long wire antenna. The 
voltage source, better known as the transmitter is the 
first constituent. The origin of the antenna and the use 
of isolation elements (i.e., baluns) will determine the 
transmitter’s interaction with the antenna. This interac- 
tion can vary from transparent, as may be the case ina re- 
mote antenna configuration, to a small box, the box being 
the portable radio itself from which the antenna extends, 
to a large vehicle in which the transmitter is installed. 
Should the system take the form of the solitary portable 
radio, the transmitter will become a component of the an- 
tenna circuit by acting as an extremely small and irregu- 
larly shaped local ’ground plane’. As such, currents are 
induced over the transmitters surface. Similarly, if the 
system takes the form of a larger vehicle housing the 
transmitter, where both share a common ground, the vehicle 
becomes a component of the antenna circuit. In summary, 
the variability of the antenna’s local ground plane may be 
altered considerably, and must be considered with the pa- 


rameters affecting the antenna’s measured performance. 
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The next constituent, the feed wire that is to 
run from the transmitter to the horizontal antenna which is 
displaced some finite distance above the ground, is fairly 
well confined to whether or not it is to radiate, and its 
physical orientation with respect to the ground and the 
antenna. 

As discussed earlier, the long wire antenna may 
be terminated. A determination must therefore be made on 
whether the terminating lead is to radiate, its physical 
orientation with respect to the ground and the antenna, the 
placement of the terminating resistor, the resistance and 
type of resistor to be utilized, and the method of termi- 
nating the antenna current. Historically, termination has 
been accomplished by routing the current either directly 
into the ground via a ground rod, or through a feedback 
wire running the length of the antenna back to the 
transmitter. 

Finally, variations that affect the character- 
istics of the ground plane as seen by the antenna may be 
considered. Typically these include laying radial wires or 
a ground screen, or grounding the transmitter structure 
with a grounding rod. 

Specific combinations of these factors will 
dictate a unique configuration which in turn should produce 


unique input and/or output characteristics. 
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C. TRANSMISSION AND PROPAGATION CONSIDERATIONS 
1. The Link Equation 
There are several ways to approach an understanding 
of the significance of the transmit and receive antenna 
gains in the overall HF circuit configuration. An equation 
describing the circuit may first be stated in terms of the 


transmit and receive power requirements, and the system 


losses as follows: 


Pee et ae (dB) Le ey 
where: 

P, = transmitted power 

Pr = received power 

Ls = system losses 


Equation 1.1 is further expanded into finer detail 
to include the variables describing the antenna gains in 
the circuit, as well as to expose the other variables that 
enter into the propagation / attenuation picture as 


follows: 


Pe = (Pn ae C/N) + 


(Loe + Li + Lge + Yp - Ge - Gr) (dB) CL Zo 


Ph = received noise power (galactic, atmospheric, and 
man made) 
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— 
Zi 
it 


required carrier to noise power at the receiver 
input 


Lyf = basic transmission spreading loss 

Li = ionospheric absorption loss 

Lg = ground reflection loss 

Yp = excess losses not directly attributable to sources 
Just specified (focusing, multipath, polarization, 
etc.) 

Gr = transmitting antenna gain 

Gre = receiving antenna gain 


From Equation 1.2, the following observations may 
be made concerning the effects of increasing the transmit 
or receive antenna gains: 

1. An improvement in the quality of the channel which 
would be attributed to an improved signal to noise 
ratio, if all other parameters remain unchanged. 

2. A decrease in the transmitter power requirements 
would be possible without degradation to the existing 
channel’s quality. 

3. An increase of the receiver tolerance to higher 
levels of signal to noise power would be realized if 
the transmitters power output is not altered. 

In order to gain a better perspective of the vari- 
ables related to antenna performance, it is advantageous at 
this point to better define what is meant or included when 
we speak of the ’transmitted power’ and ’transmit antenna 
gain’. The transmitted power is the power developed at the 
transmitter (or its power amplifier) output terminals. 
Therefore, the transmit antenna gain term must encompass 
all gains and losses associated with transmitting the out- 


put power from the terminals into the atmosphere as 


electromagnetic radiation. The following considerations, 


ig 


although not all inclusive, must be considered in this 


term: 

1. Antenna gain (for a lossless antenna). 

2. Transmission line ohmic losses. 

3. Wire interface or connection losses. 

4. Losses generated by impedance mismatches. 

5. Losses associated with the use of impedance matching 
devices. 

6. Variable losses generated by the ground soil condi- 
trons. 

7. Losses generated by the use of a terminating 
resistor. 


Although it may not be immediately apparent from 
Equation 1.2, several parameters of the communications 
channel depend on the medium through which the transmit- 
ter/receiver pair must continue to operate. A limited dis- 
cussion of the dynamics of the most important part this 
medium, the ionosphere, will be discussed briefly in the 
next section. 

2. The Ionosphere 

Skywave propagation over long distances at HF is 
made possible by the existence of the ionosphere. Layers 
of plasma within the earth’s atmosphere beginning at an al- 
titude of about 50 Km and extending to a distance of sev- 
eral earth radii. The layer is formed by ionizing 


radiation primarily from the sun. Radio waves are 


refracted back toward the earth by the ionosphere. 
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To address the dynamics involved when dealing with 
the ionosphere, the following salient points are presented 
[Ref. 6]: 


1. The ability of the ionosphere to return radio waves 
to earth depends on the ion density, the frequency of 
the radio wave, and the angle of transmission. The 
refractive ability of the ionosphere increases with 
10n density. Several significant periodic changes 
occur in the ionosphere affecting the ion density, 
including seasonal and diurnal changes due to the 
proximity of the earth to the sun, and the daily ex- 
posure of the earth’s atmosphere to the sun, 


respectively. 
Z. The relative distribution of the ionospheric layers 
is shown in Figure i.3(a). With the disappearance of 


the D and E layers at night, signals normally 
refracted by the E layer are refracted by the much 
higher layers resulting in greater skip distances at 
nist, as depiveted in*Figure 13(bD). 

3. Layers which form the ionosphere undergo considerable 
variations in altitude, density, and thickness due 
Dpelmarily to solar activity. Sun spot activity which 
recurs in 11 year cycles has its greatest effect on 
the F layer(s). During periods of maximum sun spot 
activity, the F layer(s) become more dense and occur 
at higher altitudes. 

Because of the ever changing ionospheric condi- 
tions, a greater degree of complexity is added to the com- 
munications scenario. As a result of the ionosphere’s 
dynamic nature, it is conceivable that the high gain direc- 
tional antenna that was extremely desirable in terms of 
optimizing the link equation parameters, could become a 
hindrance in terms of maintaining communications between 


two stations over a period of time. If the communications 


interval is to be of a shorter duration, this consideration 
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Figure 1.3 Ionospheric Considerations. 
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may not be as crucial in weighing the pros and cons of the 


long wire antenna. 
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Il. NATURE OF THE INVESTIGATION 


re ee eer rr rire ir ee re Per ee 


A. BACKGROUND 

There are several military publications in use today 
that address long wire antennas. A list is presented in 
Appendix A. While the extent of the material presented 
varies from publication to publication, all typify the long 
wire’s radiation pattern as those encountered in free 
space. Although some mention is made of the effects that 
varying the finite ground conditions would have on the ra- 
diation patterns, the statements are very non-specific. 

It is the intent of this investigation to seek a means 
of optimizing the radiation shar ae eens of the long 
wire antenna, and in doing so, add to the information base 
on long wire antennas by addressing the following: 

1. The effects of a "fair" finite ground on the antenna. 
A conductivity of 0.003 mhos/meter and a dielectric 
constant of 10 farads/meter will be used. These 
parameters may be considered typical values for sandy 
soil (but not strictly sand) and mountainous rocky 


terrain. 


on The effects of changing the long wire antenna geome- 
try, wneluaine: 


a. Variations of the antenna’s electrical height and 
length. 
b. The effects of using ground radialsS or a 


grounding rod at the transmitter location. 
Ge The effects of using a terminating resistor and 


either a grounding rod or a return wire at the 
far end of the antenna. 
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ad. The effects of varying the physical size of the 
transmitter. 


3. The characteristics of particular antenna configur- 
ations over a range of frequencies. 


Although heights in excess of 40 feet are attainable in 
field expedient configurations, the maximum height of the 
antenna will be limited to 20 feet. It is anticipated that 
wooden lance poles will be used as the non-metallic support 
structures which, in turn, would be supported by non-metal- 
lic guy lines such as nylon or hemp rope; and that the 
configuration will allow for the unobstructed propagation 
of sky waves. It is further anticipated that the available 
terrain and the desired angle of propagation, or take off 
angle, of the sky wave will be the determining factors in 


the selection of the antenna dimensions. 


B. ENVIRONMENTAL CONSIDERATIONS AND ANTENNA CONFIGURATIONS» 
In selecting antenna configurations to use to investi- 
gate the effects of geometrical variations on the farerield 
radiation patterns, limited number of configurations with 
relatively large deviations in antenna lengths were chosen. 
The antenna lengths were further specified by restricting 
overall lengths to odd multiples of quarter wave sections 
at 17 MHz, to take advantage of the prospect of driving the 
antenna at a low impedance point as would be the case in 
transmission line theory. The configurations are listed at 


the end of this section. 
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The parameters adopted for use in this investigation 
include: 
1. Ground constants for fair ground only: soil conduc- 
tivity of 0.003 mhos/meter and dielectric constant of 


10 farads/meter. 


2. Radio systems that are 100% efficient (No losses 
occur in the radio or tuner). 3 


3. <A frequency of design of 17 MHz - the logarithmic 
mean of frequencies used for longhaul HF skywave 


communication. 

4. A radio measuring 11" x 12" x 4" (H x L x W) to be 
used as the generic standard for the transceiver in 
use. 

5. The feed wire to the horizontal portion of the long 


wire antenna to be oriented at a 45 degree angle as 
measured in the vertical plane from the ground to the 
wire, in all configurations except Antenna #14. The 
feed wire will be a radiating element of the antenna 
for all antennas. 

6. The use of a BNC adapter (UG-1441/G) for connecting 
the antenna wire to the antenna terminal of the man 
portable radio. 

Running a long wire antenna directly from the rear of a 
vehicle in which the radio equipment could be mounted is 
the last configuration to be considered. The use of the 
Highly Mobile Multipurpose Wheeled Vehicle or HMMWV was se- 
lected in light of plans to phase in a large number of them 
over the coming years. 

The specific antenna configurations are presented as 
follows: 


 CCGSCCOSEREO OE LOS OT ECT EDETEEEDECETESEESEDES SESECTERESOSOCNESSSONSODSECESOODONS DesesetOeestestesegesuaseqessaseneesoNeS 


3This parameter was instituted to accomodate a default 
option in the computer modeling code that will be used to 
model the antenna. 
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1. ANTENNA 1. Long wire antenna with a total length of 
4 3/4 wavelengths. Horizontal component 1/2 wave- 
length above the ground. 


VARIATIONS: 


& 


(a) Feed directly by radio with no other connect- 
tions. See Figure 2.1. 





RADIO 


Figure 2.1 Antenna Configuration l1(a) 


(b) Maintain the overall length, but vary the height 
of the horizontal component from 1/8 to 3/8 
wavelength. 


(c) Same as (a), but connect an 8 foot ground rod to 
the radio. 


(d) Connect 8 radials (each one 1/8 wavelength long 
laid one inch below the ground) to the radio. 
See Figure 2.2. 
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Figure 2.2 Antenna Configuration 1(d) 


(e) Feed directly by the radio with no other connec- 
tions to the radio; connect the far end of the 


cal 


antenna to a ground Stake through a 400 ohm 
resistor, See Figure 2.3, 






- 400 OHMS 
ee 
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RADIO eens 
Figure 2,3 Antenna Configuration l(e) 


(f) Same as (e) but with 8 radials 1/8 wavelength 
long, laid one inch below the Sround, connected 
to the radio. See Figure 2.4, 
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Figure 2.4 Antenna Configuration 1(f) 


(g) Same as (e) but with a Single ground return line 


4» 
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Figure 2.5 Antenna Configuration 1(g) 


(h) Same as (g) but with the Eround stake removed, 
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2. ANTENNA 2. Long wire antenna with a horizontal con- 
ponent 100 feet long, and 15 feet above the ground. 


VARIATIONS: 


(a) Connect directly to the radio output connector 
through a single wire downlead. See Figure 2.6. 


eee ee 





rR aDlO 
Figure 2.6 Antenna Configuration 2(a) 
(b) Same as (a), but terminated into a 400 ohm 


resistor connected to a ground stake planted 8 
feet into the ground. 


(c) Same as (b), but with 8 radials, 1/8 wavelength 
long connected to the radio case and laid 1 inch 
below the ground. 


3. ANTENNA 3. Long wire antenna with a horizontal com- 
ponent 100 feet long and 6 feet above the ground. 


VARIATIONS: 
(a) Connect directly to the radio output connector 
through a single wire downlead. See Figure 2.7. 
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Figure 2.7 Antenna Configuration 3(a) 


(b) Same as (a), but terminated into a 400 ohm 
resistor connected to a ground stake planted 8 
feet into the ground. 


od 


Ce) Same as (b), but with 8 radials, 1/8 wavelength 
long connected to the radio case and laid i inch 
below the ground. 


4. ANTENNA 4. Long wire with an overall length of 234 
feet. 


VARIATIONS: 

(a) Located 6 feet above the ground. 

(b) Located 15 feet above the ground. 
(c) Located 20 feet above the ground. 


5. ANTENNA 5. Long wire with an overall length of 564 
feet. 


VARIATIONS: 
(a) Located 6 feet above the ground. 
(b) Located 15 feet above the ground. 


(c) Located 20 feet above the ground. 


C. INVESTIGATION CRITERIA 

There are several available tools and terms that could 
be used to describe the performance characteristics of an 
antenna. Those utilized in this investigation, along with 
the criteria implemented are presented as follows. 

1. Radiation Patterns 

One of the more popular and readily understood 

techniques of conveying antenna performance is the far 
field radiation pattern display referenced to an isotropic 
radiator. This type of presentation is commonly used as an 


acceptable means of displaying the far field radiation pat- 


terns, and, as such, will place the results obtained into a 
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comparative posture with the published results of other an- 
tenna configurations. Furthermore, it is a tool that can 
be used directly by field Marines to select an optimum an- 
tenna configuration based on power gain in a given direc- 
tion. It should be clarified however, that the displayed 
gain is not a direct measurement of the power transmitted 
in a given direction, but the relative distribution of 
power. 
2. Take Off Angles and Frequencies 

Long range (1000 to 1500 nautical miles) single hop 
HF communications will provide the greatest signal 
strengths at the receiving station as a result of minimiz- 
ing signal energy loss by restricting the number of reflec- 
tion points in the signal path, whether in the ionosphere 
or at the earth, to one point. In order to achieve these 
distances, a relatively small take off angle - angle at 


> of radiation leaves the transmitting an- 


which the ’ray 
tenna, must be Enna: Based on the average virtual 
heights of the 110 km and 330 km for the E and Fe layers of 
the ionosphere respectively, the E layer is of little use 
in achieving the desired range, while the F2 layer is capa- 
ble of covering this range with corresponding take off an- 
gles of approximately 15 to 7 degrees. [{Ref. 4] 

Because of the variety of ionospheric conditions 


encountered, the layers will certainly vary to other than 


average virtual heights. To realistically account for 
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this, the range of take off angles from 0 to 30 degrees 
will be investigated. Using these relatively low take off 
angles imparts a significant increase in the value of the 
maximum usable frequency, or MUF, which is expressed in 


terms of the secant law as follows: 


feuur = fe sSeent a) (MHz) | ( 2) 
where: 
fuur = the new maximum usable frequency 
fc = the critical frequency for vertical incident sky 
wave 
ZL = (90) - (the take off angle in degrees) 


Using a take off angle of 30 degrees gives the new 
MUF a two-fold increase over the critical frequency for the 
vertical incident sky wave. With this consideration in 
mind, the frequencies of 17 and 30 MHz at the upper end of 
the HF band will be used as the primary frequencies for the 


investigation. 
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Ill. DETAILS OF THE FAR FIELD PATTERN INVESTIGATION 


1s BO OONe OO PNPROS 000 0000080000000 0 ODES ORO OOs OE 0 ote 990000000000 0000 ohn ed 29 00% 
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A. THE NUMERICAL ELECTROMAGNETICS CODE (NEC) 

NEC is a user oriented computer code for analyzing the 
electromagnetic response of an arbitrary structure consist- 
ing of wires and/or surfaces either in free space or over a 
ground plane. The technique used to analyze the antenna is 
the Method of Moments (MOM). In the program, the func- 
tional electromagnetic field equations are reduced to a set 
of Pave ens that can be handled ina straight-forward 
fashion uSing matrix manipulation on a digital computer. 
This method is used for modeling the antenna and its imme- 
diate environment. First the input impedance and current 
distribution on the antenna are found. From this, the an- 
tenna gain and radiation pattern can be determined 
(Ref. 7]. 

Developed by Lawrence Livermore Laboratory in Liver- 
more, California for the Naval Ocean Systems Center or 
NOSC, NEC is continuing to evolve as a highly successful 
tool for analyzing antenna structures. NEC3 was the ver- 
sion utilized in this investigation. 

To contend with the close proximity of the antenna 
Structure to a lossy ground, the NEC Sommerfeld-Norton 
ground option in double precision form (DSOMNTX) was in- 


voked. This option enhances the accuracy of the solutions 
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for fields at the surface of a flat imperfectly conducting 
earth, and subsequently, the accuracy of NEC3 sky wave 


propagation results. 


B. NEC COMPUTER MODEL DEVELOPMENT 

Although there is no theoretical size limitation to the 
structure being modeled, the detail of the constructed 
transmitter models in terms of the number of wire segments 
used was purposely limited. The sum of the number of wire 
segments used for both the transmitter and the antenna 
could not exceed 300 wire segments in the version of NEC 
used--NEC3. Each segment was in turn limited in its elec- 
trical length in accordance with the NEC User Manual guide- 
lines. The total number of segments utilized also 
determines the requirement on computer time for solving for 
the matrix structure of the currents on the segments, as 
well as file storage requirements. Consequently, it was 
both advantageous to simplify the geometric construction of 
the models to conserve computer resources, and necessary, 
in order to work within the established parameters of NEC3. 

To exemplify the evolution of the more simplified mod- 
els the specific case of the HMMWV model will be examined. 
A side view of the stick or segment models for the initial 
"HMMWV" and the final "BIG BOX HMMWV", as well as a picture 
of the vehicle which is being modeled are presented in Fig- 


ures 3.l(a), (b) and (c). The model’s respective input 
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(a) Detailed HMMWV Segment Model. 


(b) Simplified BIG BOX HMMWV Segment Model. 





(c) The HMMWV. 


Figure 3.1 A Side View of the HMMWV. 
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data sets are contained in Appendix B. An upper band fre- 
quency of 30 MHz was used for a comparison of the model 
performance which was evaluated only in terms of the 
model’s effect on the far field radiation patterns. A par- 
ticular antenna configuration, that of Antenna l(a) was 
chosen as the test bed standard. A perspective of @the ve- 
hicle with the long wire antenna attached is presented in 
Figure 3.2. When the simplified model had sufficiently re- 
duced the computational and storage requirements to an ac- 
ceptable level while retaining the composite far field 
radiation pattern, the model was considered acceptable, and 
no further steps were taken to pursue a more optimal 
solution. 

The model for the generic transceiver was developed ina 
similar fashion. Its simplified form and a perspective of 
the long wire antenna attached to it is presented in Fig- 
ures 3.3(a) and 3.3(b). The transceiver input data set is 
contained in Appendix B. 

The specific antenna models did not undergo the 
scrutiny to simplify their design that the HMMWV and 
generic transceiver did, simply because their design trans- 
lated to an acceptable computer model in terms of the num- 
ber of segments they required. The guidance of the 
instructions set forth in Reference 7 was however, care- 


fully followed in composing the antennas. The computer 
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Figure 3.2 Big Box HMMWV with Antenna Attached. 


a 


as 
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Figure 3.3(a) Simplified Transceiver. 





Figure 3.3(b) Transceiver with Antenna Attached. 
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code for antenna l(a), and the subsequent appendages in- 
cluding the 8 foot ground rod that was attached to the ra- 
dio, the ground radials, the terminating downlead with 
resistor and ground rod, and the return line are presented 
in a separate segments in Appendix B. They are included as 
a general representation of the geometry employed in model- 
ing Antennas 1, 2, 3, 4 and 5 as detailed in the previous 


chapter. 


C. “RESULTS 

The specific results of the individual NEC3 computer 
runs, broken down by antenna configuration, configuration 
variations and frequency are found in Appendix C through 
G, for Antennas 1 through 5 respectively. Appendix H con- 
tains the results of the HMMWV antenna configurations. 

Some significant conclusions can be derived from the 
far field radiation patterns, although they are somewhat 
limited in numerical interpretation due to the large incre- 
mental changes that were imposed on the antenna geometries. 
Even further limitations were imposed by uSing only two 
frequencies, 17 and 30 MHz, for each particular antenna 
variation. Nonetheless, some very substantial insight has 
been gained. 

Before addressing those results, the significance of 
the variations imposed on the antenna configurations will. 


be considered. With the exception of Antenna 1 where all 


38 


measurements were expressed in terms of wavelengths, the 
antenna configurations of specified dimensions and varying 
excitation frequencies underwent significant modifications 
of both their electrical heights and lengths. Subse- 
quently, their geometry changed significantly with respect 
to the lossy ground and source of excitation. An attempt 
to derive values for intermediate heights and lengths would 
result in an inordinate amount of interpolation and low 
confidence results. 

1. General Observations 

The long wire antenna in the presence of a lossy 
ground deviates significantly from its free space charac- 
teristics. Typically the main lobe that was described as 
being cone shaped about the antenna’s axis loses a signifi- 
cant portion of the power radiated at the lower elevation 
angles. In the range of 0 to 5 degrees of elevation, pre- 
dicted pattern intensities fell well below O dBi. 

Two general symmetries of forward directed radia- 
tion patterns were encountered: those which formed rela- 
tively flat and almost concentric lobes of radiation as 
viewed in the vertical plane (See Figure 3.4(a)); and 
those that took on the general appearance of the cone 
shaped patterns previously discussed for the free space 


case, but with the lower lobes of radiation that would have 


appeared near the ground plane removed (See Figure 3.4(b)). 
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For most cases, this division of symmetry was observed for 
antennas located closer to the ground in the first case, 
and farther away from the ground in the later case. 

Generally, both the height and length of the an- 
tenna contributed to the antenna’s radiation characteris- 
tics. The closer the antenna was positioned to the ground, 
the lower the gain and the flatter the radiation pattern 
became. In terms of length, the longer the antenna, the 
lower and flatter the radiation pattern became, and the 
more the gain increased. 

2. The Effects of Antenna Height 

The results of antenna variations i(a) and 1(b) 
which varied only the antenna’s height while all other pa- 
rameters remained fixed, were used to construct Table 2. 
The results generally indicate that as the height of the 
antenna is increased, the maximum gain of the antenna and 
the pattern’s maximum elevation angle also increase. Addi- 
tionally, the wave angle, or angle formed between the lobe 
of maximum radiation and the antenna axis, increases (1.€e., 
moves away from the antenna axis), subsequently increasing 
the antenna offset angle required for maximum gain. 

3. Sensitivity of the Antenna to Geometric Variations 

In general, the closer the antenna was located to 
the ground, the less sensitive the antenna was to addi- 
tional losses imposed by changes to its geometry. For ex- 


ample, using the results from Antennas 2 and 3, it was 
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found that the connection of the terminating downlead to a 
400 ohm resistor and an 8 foot ground rod, and the subse- 
quent connection of eight radial wires attached to the ra- 


dio increased losses in the far field radiation patterns. 


TABLE 2 


MAXIMUM GAIN AND ELEVATION ANGLE AS A FUNCTION OF 
HEIGHT AND HORIZONTAL OFFSET ANGLE 


—-— =e oe ee ee ee ee ee ee ee eee ee ee eee eee es ee ee ee eee eee ee ee ee ee eee i 
—_— am ewes awe ab ewe aw ah a S22 ae ae ae ee ee ae ee Sw ew ew ew sw wT wT sPswVYswVYT sB sSBF HP SW esBWsVW sSPB# sB sB PB SW eVW ss] sVB sB sB sw sB sB sB sHB sHB sh |] sw] sw] SHB oe = oa 


+ Offset, Height (Wavelengths) : 
' Angle | 1/8 ; 1/4 ; 3/8 es 2 
Ox 3.5 daBi 5..2uant 623 aclbal ; 7.0 daBi 
; 21% 25% 27* 28% : 
10% ; 3.2 dBi 5.3 dBi $ 6.7 dBi 7.5 dBi 
} 20% 24% 25* 25% : 
20% 1.3 daBi : 4.8 dBi } 7.1 daBi ; 8.6 aBi 
17% 18% 18% ; 17* 
30* ! © 0 4Bi ; OSaed Bi 3.4 daBi 569d Bi 
13% : 13% 13% 


ese se ee a ea eawe= am eh ee ee sh am Se ee ee ee ee ee ee ee ee ei i le 
= =P es wee emweweaws= SB Ow es= sh am ab ah ah ab ae as seas Has Ses aweaw esse ss ss ss ss ss eB ew ewes= SB SB SW Wes WP sB8 | |B s|8 S| SS ss SS os ws] |B =! oS oO 


* indicates measurements in degrees 


As can be seen in Table 3, the impact of these modifi- 
cations on Antenna 2 located 15 feet above the ground was 
Significantly greater than that on Antenna 3 located 6 feet 
above the ground. 

4. Effects Exclusive of Antenna Height and Length 


The variations to Antenna 1 listed in Table 4, are 


exclusive of the antenna’s height and length. These result 
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TABLE 3 


SENSITIVITY TO GEOMETRICAL CHANGES AS A FUNCTION OF HEIGHT 


—_ oO eee Oe ee OO eee iw ee wm om em om we ow mm iw wm om wm i @ oo oo oe io om ae ie om ig ie ie ee & oe 
—-——_ ww eee ee eee ee ee ww i im oe ge ow ee oem am ee em owe ow ow a oo oo oe ow oe oe oe oe em ew ie @ ew oe = c= 


; Antenna | Average Gain (dB) Remarks 
i Contig. T7ehMH2 |; 30 MHz 
aa eee SS SS SH SSH SH STS SS aS SS Sees sss SsS2>SS=S==5 | 
Z2(a) 0.0 0.0 ; Ht = 15 feet, no 
appendages 
: 2(b) =e Z -3.0 : 400 ohm, 8 foot gnd } 
rod termination | 
; Z2(c) ; -3.2 -3.0 : 2(b) plus 8 radial j; 
; : wires to radio : 
ea —a ol SS ; —- — ao a CO Ul a Se 
3(a) : 0.0 0.0 , Ht = 6 feet, no 
1 ) appendages 
: 3(b) -1.4 -1.6 ; 400 ohm, 8 foot gnd } 
: ; : rod termination | 
3(e) -1.8 -2.0 ; 3(b) plus 8 radial 
: wires to radio : 
TABLE 4 


THE EFFECTS OF ADDING THE APPENDAGES EXCLUSIVE OF 
THE ANTENNA HEIGHT AND LENGTH 


~~ wen wesw ieweweasssweeewe ss SS  S 8 S  S  S TS —  S— es es VB—sBN ssVTssss—" ss SS es H— ow ST sss SB BP ow ews eB ws SS HB SS 8 SS S 8 SH] 8 SH ] w= 8 w] 8 SO == 
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; Antenna | Remarks Gain 
Cont 1. ; (dB) 
; l(a) , Radio without appendages 0.0 
l(c) | Radio with 8 ft ground rod |} —O ,OmtoO =5<2 | 
1(d) | Radio with radials Og5 “to LsOrt 
: l(e) ' Radio terminated to 400 ohm ; 
resistor and 8 ft ground ; -2.0 to -3.2 | 
1(f) ; l(e) plus radio radials -2.0 to -3.2 ; 
; 1(g) i l(e) plus return wire : -3.0 to -4.5 | 
1(h) ; L(g) without 8 ft ground , —-3.0 to -4.5 |; 


— a =m ame sum am sm ame eee ame ee ee oe ee ee ee eee ee ee ees ees eee ee ee esc eee ees ees eee eee es ees eee es eee eee eo es 
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form the basis of some interesting observations, including 
the significant losses encountered by employing some rather 
common field techniques such as grounding the radio equip- 
ment and terminating the long wire antenna. 

What Table 4 does not address however, is the uni- 
directional propagation of the signal in an extension of 
the general direction traced from the transmitter to the 
terminating resistor. This directional characteristic is 
induced by the use of the terminating resistor which serves 
to dissipate any nonradiated power that reaches the far end 
of the antenna. The price paid for the directional capa- 
bility is on the order of a 2 to 3 dB loss in signal 
strength in the direction of propagation. 

o. The Composite Effect of Antenna Height and Length 

Due to the interaction of the ae height and 
length on the results of the far field radiation patterns, 
a composite table based on these parameters was compiled. 


The results for all antenna configurations without ap- 


pendages (1.e., ground rods, radial wires, etc.) were com- 
bined into the format of Table 5. The antenna dimensions 
were recalculated in terms of wavelengths. The minimum 


gain of the maximum lobe of radiation for the particular 5 
degree range of elevation angles was recorded along with 
the required offset or wave angle at which the antenna 
would have to be oriented relative to the direction to the 


receiving station to achieve the stated gain. 
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TABLE 5 


ANTENNA PERFORMANCE FOR HEIGHTS AND LENGTHS SPECIFIED 


ANTENNA 
NUMBER 


SSSSSsStsesssse 


LA 
B 


3A 


4A 


DOUBLET PERFORMANCE 


DIMENSIONS ELEVATION ANGLE (DEGREES) 

( WAVELENGTHS ) = $-10 10-15 15-20 20-25 25-30 

Fe SS BSS eee ieee es eee 5 ess eee Se eee SSS SS SS Sees SSeS SSeS SS Ses sesseszsse2eF2scsesesrezz=z2=° 
4.75 x 0.500 (3) 8 2.5dB/20 6. 5dB/20 8.4dB/20 7.14B/10 6.6aB/ 0 
AeiS x 0.125 (3) 8 3 3 2.8dB/10 3.2dB/ 0 1.1dB/ 0 
4.75 x 0.250 (3) 8 z 2.4dB/20 4.5aB/20 5.1dB/10 4.5dB/ 0 
4.75 x 0.375 (3) 8 8 4.9dB/20 6.7dB/20 6.2dB/10 5.8dB/ 0 
2.09 x 0.259 g z 8 2.44dB/30 3.9dB/30 4.8daB/30 
3.69 x 0.457 8 1.5dB/20 5$.3dB/20 7.3dB/20 8.2dB/20 7.2dB/20 
1.87 x 0.103 8 z 2 2 2 3 
3.31 x 0.183 3 a 8 2.0dB/20 3.1dB/20 3.3dB/10 
4.04 x 0.103 z 8 0.3dB/ 0 2.2daB/ QO 3.3dB/ 0 2.-1dB/ 0 
7.32 x 0.183 a 0.5dB/ 0 $.0dB/ 0 6.9dB/ 0 4.0dB/ 0 8 
4.04 x 0.259 8 8 2.7dB/20 4.9dB/20 6.0dB/10 $.2dB/0 
7.32 x 0.357 3 3.5dB/10 8.2dB/20 9.3d4B/10 7.8dB/ 0 0.54B/0 
4.04 x 0.345 8 0.2dB/20 4.1dB/20 6.3dB/20 6.8dB/20 6.3dB/10 
7.32 x 0.610 8 5.0dB/20 9.9dB/20 9.9dB/10 8.0dB/ 0 0.8dB/0 
9.47 x 0.103 8 0.3dB/ 0 4.7dB/ 0 4.0dB/ 0 8 3 
17.19 x 0.183 3 $.7dB/ 0 8.5dB/ 0 - 8 2 3 
9.47 x 0.259 3 3.0dB/ 0 7.1dB/ 0 8.5aB/ 0 3 8 
17.19 x 0.457 8 9.54B/10 11.0dB/ 0 3 3 8 
9.47 x 0.345 3 5.1d4B/10 8.5dB/10 7.9dB/ 0 1.0dB/ 0 8 
17.19 x 0.610 3 10.6dB/10 11.0dB/ 0 3 3 3 

COMPARISON: 

0.50 x 0.104 3 3 3 s 3 a 
0.50 x 0.259 3 3 3 3 1.3dB 3. 0dB 
0.50 x 0.345 3 8 8 1.248 3.5dB 4.5aB 
0.50 x 0.457 5 3 8 4.14B 5.643 6.4dB 
0.50 x 0.610 8 3 4.0dB 6.5dB 7.6dB 6 .8dB 


APPICATION NOTE: 


l. 


2. 


The antenna dimensions above state the antennas full length first followed by its height 
above the ground. Measurements followed by an asterisx, “3", are constructed by using 
the first 0.75 wavelengths of wire as feedwire (i.e., located between the radio and the 
first antenna support). The remaining antenna wire is to form the horizontal element of 
the antenna. Measurements not followed by an asterisk are to have the antenna feedwire 
form an angle of 45 degrees with the ground up to the nelgnt specified. 


All antenna gains (in dB) are referenced to an isotropic radiator. An asterisk ~t" 
in this portion of the table indicates values of gain which are less than 0.0 dBi. 
The term *../XX" states the offset angle. or horizontal azmuthal displacement from the 


antenna axis at which the stated gain can be achieved. 
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To better address the significance of the results, 
the radiation patterns of a horizontally oriented half wave 
dipole at varying heights above the ground were also gener- 
ated using the NEC3 code and the specified ground con- 
stants. This antenna configuration, better Known as the 
doublet antenna, is typical of the antenna configurations 
currently utilized for HF teletype communications. A com- 
posite sketch of the doublet antenna’s broadside far field 
radiation pattern is shown in Figure 3.5. It may be seen 
that as the height of the antenna increases, the take off 


angle decreases while, at the same time, the gain of 





Figure 3.5 Doublet Radiation Pattern (dBi) as a Function 
of Height in Wavelengths 
the lowest lobe of radiation increases rather significant- 
ly. It should be noted however, that the low take off 
angles occur for antenna configurations located a consider- 
able distance above tHe ground. For example, to obtain the 


lowest take off angle pictured at an operating frequency of 


46 


17 MHz, the antenna would have to be placed at a height of 
approximately 30 feet. 

As constructed, Table 5 provides an easily refer- 
enced comparison of relative antenna gains that were de- 
rived from the NEC3 antenna modeling runs. Although it 
does not conform to the usual progression or presentation 
of input parameters, it is, nonetheless, a viable inter- 
leaving of the height and length parameters along with an 
indication of their respective performance characteristics 
for the given ground conditions. 

6. The HMMWV Mounted Radio Configuration 

Antenna configurations i(a) and 5, in which the 
HMMWV model was substituted for the generic radio, were 
used to determine the effects of a HMMWV mounted radio rel- 
ative to the standard radio configuration. There was how- 
ever a deviation in the geometry in which the feed wire 
formally attached to the radio was raised in an arc-like 
path to the height of the HMMWV feedpoint, without disturb- 
ing the remaining components of the antenna. This 
in effect reduced the angle that the feedwire formed with 
the ground to varying degrees, with the more pronounced de- 
viations occurring at the lower antenna height of 6 feet. 

The far field radiation patterns were similar to 
those of the box radio under the standard antenna configu- 
rations with the exception of an overall increase of gain 


of roughly 1 to 2 dBi over the entire HMMWV pattern. With 
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a lack of additional incremental changes to the antenna ge- 
ometry, it cannot be determined whether the increase in 
gain was driven by the presence of the HMMWV, or whether it 
was due to the changes implemented in the antennas’ geome- 
try. Regardless of the cause of the pattern changes, it is 
reasonable to state that the HMMWV does not significantly 


change the comparative results of Table 5. 
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IV. SUMMARY AND APPLICATION OF THE FINDINGS 


A. AN OVERVIEW 


In general, the field expedient horizontal long wire 
antenna when used ina long range (1000 to 1500 nautical 
miles) communications circuit, has several inherent advan- 
tages as well as disadvantages. 

The advantages include: 


1. The construction of the horizontal long wire antenna 
is simple and straightforward requiring only wire, 
nonmetallic support poles and guys, and a termin- 
ating resistor and ground stake if unidirectional 
propagation is desired. A 12:1 transformer is re- 
quired if coaxial line is used to feed the antenna. 


2. The radio operator can transmit to and receive from 
different directions depending on the orientation of 
the antenna. 


3. Lower radiation angle and significant increases in 
Signal gain can be realized when compared with the 
conventional horizontal half wave dipole. 


The disadvantages include: 


1. The antenna’s physical configuration and the manner 
in which it operates result in antenna character- 
istics which are quite sensitive to the electrical 
properties of the ground over which it operates. 


2. A finite amount of time and materials are required to 
set up and retrieve the antenna from a field site. 


3. The antenna may require a relatively large amount of 
open terrain in order to operate "as predicted with 
out interference from obstructions lying in the path 
of propagation. 


4. In open terrain, the antenna may present a fairly 
large and recognizable target to aerial observers. 
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In order to make a knowledgeable decision on the suit- 
ability of the antenna for a particular situation, the 
field communication personnel need to have an accurate per- 
spective of the antenna’s merits, as well as its weaknesses 


relative to those of other suitable antennas. 


B. GENERAL CONSIDERATIONS 

If the long wire antenna is to be employed over typi- 
cally arid sandy soil or mountainous rocky terrain, its 
characteristics may vary significantly from the character- 
istics currently cited in numerous military publications. 
Adding to the publications’ inaccuracies are the uncertain- 
ties associated with ionospheric interaction on the propa- 
gated wave. Even in the case of stable “quiet” ionospheric 
conditions, variations within the ionosphere itself may 
cause the path of the radiated waves to vary as much as 5 
degrees in azimuth from the intended propagation path 


{[Ref. 4]. 


C. FREQUENCIES OF OPERATION 

The use of low take off angles in the range of 0 to 30 
degrees, and the use of higher frequencies that will enable 
the sky wave to penetrate lower ionospheric layers during 
the daytime are two logical choices to achieve a satisfac- 
tory long range single hop communications link. An addi- 
tional benefit that is derived from the use of the upper HF 


band is the reduced physical length and height of the 


00 


antenna for a particular antenna geometry and level of 
performance. 

Although frequency assignments are typically directed 
by higher headquarters or issued from an applicable service 
instruction, a conscientious frequency planning and manage- 
ment effort may at some time present the opportunity to op- 
timize long range communications circuits. As such, some 
basic considerations and guidelines should apply. 

For low take off angles in the range of 0 to 30 de- 
grees, a higher maximum usable frequency, or MUF, can be 
computed by mee ipiyine che locally computed critical fre- 
quency of the vertical incident skywave by the scale factor 
listed in the Table 6 below, which is derived from the take 


off angle of the transmission. 


fuur = (fcrit) x (frequency scale factor) (4.1) 
where: 
fuur = Maximum Usable Frequency for low angle propa- 
gation in MHz 
fcorit = Critical frequency of the vertical incident sky 


wave in MHz 


The ’frequency scale factor’ is chosen from Table 6. 
From this calculation, the highest frequency autho- 
rized that is equal to or less than the newly computed MUF 


should be used. 
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D. GEOMETRY SELECTION AND PERFORMANCE CHARACTERISTICS 
The selection process by which a suitable long wire an- 


tenna configuration may be selected from a table of given 


TABLE 6 


FREQUENCY SCALE FACTORS 


; Maximum Desired ,; , Maximum Desired 
| Take Off Angle : Factor ; Take Off Angle. Factor 
(degrees) ; (degrees) 


D » 11.47 | 20 ; Ze 2 
10 Oo. | OMG 25 2.36 
15 ; 3.86 | 30 2.00 


antenna geometries, knowing the required take off angle, 
is the methodology implemented for ’optimizing’ the 
antenna’s geometry and performance characteristics. If 
either the height or length of the antenna must be 
constrained, it will be necessary to perform some 
computations to determine the arguments for the table 
lookup. 

Identical tables organized first by increasing antenna 
heights, and second, by increasing antenna lengths are pre- 
sented as Tables 7 and 8 respectively. 

Enter the table at the column which contains the range 
of values appropriate for the desired take off angle. The 


maximum value of gain in terms of dBi units (i.e., the 
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DOUBLET PERFORMANCE COMPARISON: 


DIMENSIONS 


(WAVELENGTHS ) 


19 x 0.610 


0.50 x 0.104 
One x 0.259 
0.50 x 0.345 
0.50 xy 0.457 
0.50 x 0.610 


APPICATION NOTE: 


I. 


TABLE 7 


ANTENNA PERFORMANCE WITH DIMENSIONS 


I, 


a, 


t) 


7) 


ORDERED BY INCREASING HEIGHT 


0-5 


z 


z 
z 
z 
z 


above the ground. 
the first 0.75 wavelengths of wire as feedwire (i.e., located between the radio and the 


first antenna support). 


the antenna. 
fora an angle of 45 degrees with the ground up to the height specified. 


0.3dB/ 0 
: 


z 
0.5dB/ 0 
9. 1dB/ 0 

: 

z 

z 
3.0dB/ 0 
0.2dB/20 
9. 1dB/10 

: 
1.5dB/20 
3.5dB/10 
9.5dB/10 
2.5dB/20 
9. 0dB/20 


10.6dB/10 


eo 0 2 8 0 


RLBVATION ANGLE (DEGREES) 


10-15 


0.3dB/ 0 
4,7dB/ 0 
z 
z 
5.0dB/ 0 
8.9dB/ 0 
2.4dB/20 
: 

2. 1dB/20 
1.1dB/ 0 
4.1dB/20 
8.5dB/10 
4.9dB/20 
9. 3dB/20 
§.2dB/20 
11.0dB/ 0 
6.5dB/20 
9.9dB/20 
11.0dB/ 0 


= 
= © 6 ¢ 0 


15-20 


2.2dB/ 0 
4.0dB/ 0 
2.8dB/10 
2.0dB/20 
6.9dB/ 0 
t 
4.5dB/20 
2. 4dB/30 
4.9dB/20 
8.5dB/ 0 
6.3dB/20 
T.9dB/ 0 
6.7dB/20 
1.3dB/20 
9.3dB/10 
z 
8. 4dB/20 
9. 94B/ 10 
z 


1.2dB 
4.1dB 
6. 5dB 


All antenna gains (in dB) are referenced to an isotropic radiator. 


20-25 


3.3dB/ 0 
z 
3.2dB/ 0 
3.1dB/20 
4.0dB/ 0 
z 
5 .1dB/10 
3.9dB/30 
9. 0dB/10 
z 
6.8dB/20 
1.0dB/ 0 
6.2dB/10 
8.2dB/20 
1.8dB/ 0 
z 


1.1dB/10 
8.0dB/ 0 
z 


1.348 
3.5dB 
5. 6dB 
1. 6dB 


25-30 


@eoee@eaenenween eee e@aeee@aeeeecea @e @& 


2.1dB/ 0 
z 
1.1dB/ 0 
3.3d8/10 
: 


z 
4.5dB/ 0 
4.8dB/30 
5. 2dB/0 

z 
6.3dB/10 

z 
.8dB/ 0 
1.2dB/20 
0.5dB/0 

t 
§.6dB/ 0 
0.8dB/0 

t 


3.0dB 
4.548 
6. 4dB 
6. 8dB 


The antenna dimensions above state the antennas full length first followed by its height 
Measurements followed by an asterisk, "%", are constructed by using 


The remaining antenna wire is to form the horizontal element of 
Measurements not followed by an asterisk are to have the antenna feedwire 


An asterisk “3° 


in this portion of the table indicates values of gain which are legs than 0.0 dBi. 


The tera 


antenna axis at which the stated gain can be achieved. 
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", /XX* states the offset angle, or horizontal agmuthal displacement from the 


TABLE 8 


ANTENNA PERFORMANCE WITH DIMENSIONS 


DIMBNSTONS 
(WAVELENGTHS) 


0-5 


ORDERED BY INCREASING LENGTH 


BLEVATION ANGLE (DBGREBS) 


10-15 


15-20 


20-25 


25-30 


1.87 x 0.103 
2.09 x 0.259 
323i 0.183 
3.69 x 0.457 
4.04 x 0.103 
4.04 x 0.259 
4.04 x 0.345 
4.75 x 0.125 (8) 
4.75 x 0.250 (8) 
mo x Oaar§ (3) 
4.75 x 0.500 (8) 
7.32 x 0.183 
lsciry 0.457 
7.32 x 0.610 
9.47 x 0.103 
9.47 x 0.259 
AT x 0,345 
17.19 x 0.183 
berger 451 
17.19 x 0.610 


«to 


DOUBLET PRRFORMANCR COMPARISON: 


0.50 x 0.104 
0.50 x 0.259 
0.50 x 0.345 
0.50 x 0.457 
0.50 x 0.610 


APPICATION NOTE: 


3 


oo 8282 28 


1.5dB/20 
g 


g 
0.2dB/20 
z 


g 

i 
2.5dB/20 
0.5dB/ 0 
3.5dB/10 
9. 0dB/20 
0.3dB/ 0 
3.0dB/ 0 
9. 1dB/10 
9.1dB/ 0 
9.5dB/10 


10.6dB/10 


oo 6 828 2 


9. 3dB/20 
0.3dB/ 0 
2. 1dB/20 
4.1dB/20 
3 
2.4dB/20 
4.9dB/20 
6.9dB/20 
9.0dB/ 0 
8.2dB/20 
9.9dB/20 
4,7dB/ 0 
1.1dB/ 0 
8.5dB/10 
8.5dB/ 0 


11.0dB/ 0 
11.0dB/ 0 


a © © 82 8 


2.4dB/30 
2.0dB/20 
1.3dB/20 
2.20B/ 0 
4.9dB/20 
6.3dB/20 
2.8dB/10 
4.5dB/20 
6.7dB/20 
8. 4dB/20 
6.9dB/ 0 
9.3dB/10 
9.9dB/10 
4.0dB/ 0 
8.5dB/ 0 
1.9dB/ 0 

z 

4 

3 


1.208 
4,1d8 
6.5dB 


3.9dB/30 
3.1dB/20 
8, 2dB/20 
3.3dB/ 0 
9. 0dB/10 
6. 8dB/20 
3.2dB/ 0 
9. 1dB/10 
6.2dB/10 
7.1dB/10 
4.0dB/ 0 
1.8dB/ 0 
8.0dB/ 0 
: 


: 
1.0dB/ 0 
: 

: 
: 


1.3dB 
3.5dB 
9. 6dB 
1.6dB 


4.8dB/30 
3.3dB/ 10 
1. 2dB/20 
2.1dB/ 0 
§.2dB/0 
6.3dB/10 
1.1dB/ 0 
4,5dB/ 0 
9.8dB/ 0 
6.6dB/ 0 
z 
0.5dB/0 
0.8dB/0 
z 


 f8 828° 28 


3.0d8 
4.5d8 
6.4dB 
6. 8dB 


1, The antenna dimensions above state the antennas full length first followed by its height 
above the ground. 
the first 0.75 wavelengths of wire as feedwire (i.e., located between the radio and the 


first antenna gupport). 


the antenna, 


Measurements followed by an asterisk, "3 


form an angle of 45 degrees with the ground up to the height specified. 


, are constructed by using 


The remaining antenna wire ig to form the horizontal eleaent of 
Measurements not followed by an asterisk are to have the antenna feedwire 


2. All antenna gaing (in dB) are referenced to an isotropic radiator. An asterisk “3° 
in thig portion of the table indicates values of gain which are legs than 0.0 dBi. 
The term "../XX" stateg the offget angle, or horizontal azmuthal displacement from the 
antenna axis at which the stated gain can be achieved, 
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highest dBi value) within the column is then chosen. Re- 
strictions on antenna height/length parameters, if they do 
exist, can then be found in the left hand column, and the 
appropriate range of rows searched for the maximum value of 
gain. The antenna dimensions in the left hand column, and 
the offset angle accompanying the gain found within the 
appropriate table block would then be noted for construc- 
tion of the antenna. When recording the antenna dimen- 
sions, it should also be noted if the dimensions are 
followed by an asterisk which indicates a different 
geometry. 

While in the table, the performance of a horizontally 
oriented half wave dipole, or ’doublet’, presented at the 
bottom of the table should be checked for comparative val- 
ues and a decision made as to which antenna to select to 
perform the mission. 

Table values must be converted for the type of the wire 
to be used in the construction of the oe For copper, 
phosphor bronze, or ’WD-1/TT’ antenna wire, the conversion 


to be made is [Ref. 8]: 


Dimension in wavelengths x ( Y /Operating Freq in MHz) 
= Antenna Dimension (ft) (4.2) 
where: 
Y 984 for copper or phospherous bronze wire 


969 (approximately) for WD-1/TT 
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E. CONSTRUCTION CONSIDERATIONS 

Construction of the antenna is accomplished by utiliz- 
ing nonmetallic support structures--lance poles are ideal-- 
and nonmetallic guys as appropriate to render adequate 
support. The antenna wire may be attached to the radio us- 
ing a BNC adapter (UG-1441/U), or by using the short length 
of line with a thumbscrew attachment provided for exactly 
that purpose in the case of the AN/GRC 193 vehicular 
mounted transceiver. 

The antenna wire leading from the radio to the first 
support will be oriented at a 45 degree angle relative to 


the ground, as pictured in Figure 4.1. For the antenna 


ANTENNA LENGTH—— 


i 
HEIGHT 











RADIO 


Figure 4.1 General Antenna Configuration 


dimensions that were annotated with an asterisk, the first 
3/4 wavelength section of the antenna will be used as the 
feed wire to the Ono element, regardless of antenna 
height. This will form significantly smaller angles be- 


tween the feed wire and ground. 
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Because a Significant amount of tension must be placed 
on the wire to keep it from sagging excessively between 
Supports, it is recommended that if a small radio is used, 
it be braced against a firmly planted wooden stake for sup- 
port, as seen with the simulated radio in Figure 4.2. It is 
also necessary that the guys of the last support be prop- 
erly positioned to maintain Ree a Ae rOnEi até amount of 
tension. 

If desired, the radial wire ground screen may be formed 
by twisting and tying (and preferably soldering) the eight 
1/8th wavelength wire ends together at the common junction 
and then connecting an uplead to the grounding terminal of 
the radio set. Typically the length of the radials should 
be approximately 1/8th of the free space wavelength, de- 


termined by the following formula: 


1/8th Wavelength (ft) = 


123.03 / Operating Freq (MHz) (ames ) 


Standard copper or iron 3 foot sectioned ground rods 
currently in use and available as SL-3 components should be 
used for grounding purposes. A terminating resistance on 
the order of 600 ohms may be fabricated using supply system 
components, and should be capable of absorbing at least one 


half of the transmitter power. 
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Figure 4.2 Supporting the Radio with a Wooden Stake 
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V. CONCLUSIONS 


M00 HRotese a and An pr es heteGnn sess 2508 tote walt oetad tancassseanna acess 


The insight gained through this investigation of the 
long wire antenna can only be expressed in relative terms. 
It presents itself as a step forward from the material cur- 
rently appearing in the military publications, but only 
scratches the surface in a broader perspective of the num- 
ber of antennas that appear military publications, whose 
information may be inaccurate in terms of real world appli- 
cations and lossy grounds. 

When configured and oriented properly, the long wire 
field expedient antenna can be a more effective configura- 
tion than a half wave horizontally oriented dipole for 
point to point longhaul communications (1000 to 1500 nauti- 
cal miles). Since it is relatively easy to construct and 
does not have to be elevated to inordinate heights to be an 
effective radiator at low take off angles, the long wire 
antenna is a viable contender for timely, field expedient 
construction requiring little in the way of construction 
materials. 

Both the height and length of the antenna share in cre- 
ating the unique far field pattern in terms of gain, eleva- 
tion and offset angle, and as such, they must be considered 


together when choosing an appropriate configuration. 
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Tables provided in this report contain computer generated 
results that are consequently referenced by both the height 
and length of the antenna. 

Antenna appendages such as ground rods and radials gen- 
erally tend to decrease antenna gain, but may also serve to 
reduce the input impedance of the antenna and therefore 
serve an important purpose in the antenna impedance match- 
ing scheme. Further testing of the antenna configurations 
is necessary however, to validate this assertion. 

The far field radiation patterns did not show any sig- 
nificant deviations of the pattern geometry based on the 
characteristic shape of the transceiver. They did however, 
undergo a small but noticeable reduction of power gain over 
the entire pattern indicating that the general results 
could be scaled to account for variations to the size of 


the transceiver. 
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VI. RECOMMENDATIONS 


*OO 000400 Pa OEET EO RTE TOES REEDS GENTIOOD AED OS SEE ETED DED AH OEEEVSO~E IED ESTEE DD DDD ES ODED DARD 


It 1s recommended that the results contained herein be 
independently validated, preferably by ’field testing’, and 
a subsequent appraisal made of the accuracy of these re- 
sults as compared with currently published and utilized 
procedures. 

It is further recommended that the results of this in- 
vestigation be reviewed and incorporated into current mili- 
tary publications to update or correct inaccuracies in 
their presentations of long wire antennas, as appropriate. 
Additionally, it is recommended that related courses of in- 
struction be modified to reflect the findings contained 
herein. 

A number of other common antenna configurations should 
be investigated for use in the longhaul communications cir- 
cuit in order to assemble a reliable comparative data base 
for that specific mission. 

An aspect that was not covered in this investigation is 
the characteristics of the HF transceivers that interface 
with and drive the antennas, in particular, the PRC 104 and 
the AN/GRC 193. There is a need for better understanding 
of the fraction of available output power that is actually 


transferred to the antenna, and what trade-offs exist 
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between the transmitter’s output circuitry or antenna 
matching unit, and the antenna’s driving point impedance, 
in terms of useful radiated power. An investigation into 


this area is strongly recommended. 
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APPENDIX A 
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SERVICE PUBLICATIONS LIST 


The applicable service publications that were reviewed 
for background to this investigation are listed by service 
as follows: 


DEPARTMENT OF DEFENSE: 


OD teenth Ll beta eee leet i ee tie ittiiit tt Tiritiititititiiiir iit iri iiry 


Compatability Analysis Center, Annapolis, MD. 


DEPARTMENT OF THE ARMY: 


Communications - Electronics Fundamental: Transmission 


<APSOP ELISE SLOP SALOL CY LI RLERD ALES LD OS 86 OPLLERETES 286 + OO TD ORG BEIED ODDO S999 a OSE CoOL SO OGDEOEPDLASS OF FOE 95 HERRERO ET SE OOO OES ESOS OAUENS 1a OUREOROREEAEOO SOROS ESO+OSSEODS 1 FEEO0 10 OREERHS OO0C ESF O USS aa ane Neat OaS ED OnOTOEOE ESOS ONS HOUO0O 0010 0008 REDO nEH OO DOF aOO Es HOSEL UO mane en OU ay aaeOny MEOE OORT anata s O00 Moms OOH ONES) Maatearcrts: 


[0 €900000 CO Oheteewttud COAUOs RHO LEY HA SOEEY AREEDOOOEEETSEOES eeesacces Pee re ri errr iit tr 


Pr ee er rr rr rer iii itit iti iiiit titi iit Pr rr rer reer 


Center, Fort Gordon, GA. 


DEPARTMENT OF THE AIR FORCE: 


Antenna Theory and Practical Application, 7801-301, 
Innerservice Radio Frequency Management School, Keesler 
AFB, MS. 


Common HF Antenna Vertical Radiation Patterns, 8009- 


311, Innerservice Radio Frequency Management School, 
Keesler AFB, MS. 


MARINE CORPS: 


Antennas, Conventional and Field Expedient, SM COS 0, 


See et tree ie tii tet ie i eo ir rr rr rr i rr rrr 


Communications Officers School, MCDEC, Quantico, VA. 
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APPENDIX B 


NUMERICAL ELECTROMAGNETICS CODE 
DATA SETS 
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ee wee Fee ae) ee w—OO MCOK WRK O HCONM—NOMNMNOO woe ae es wer j 

e ee oO NN NNOONN MON MOM MSM MM n 
QOOMO «HO «8 WN ® ANN 2 DOW «0 wm are MN ew ee am we are we fh a hao eyes ® 
eee OO 8 COO OO 8 OO 8 OO 8 Ow wD 2 HO 08 wt WD LWT Ww On ® 
NOON &§ MO «8 MOM ee WLNO «2 MO 0 MoOCE BDO MM e& & DONO oO wD BOE a2 eo alow CON Fat a 
Be ee ON NOTA MINONONONRKOCKONDSZO ot MAO 
e e e se e e ee ® e . e 

ee eae OO MO WMO ee MOO MO es OD «8 DO 2 CDWOO SS SOS SOO 6 a ee SS a 
“QNANNNe& af ef Ne —— -o en NS wT" OI — N -e NN - wr NRK tT 
eee & & wm 8B W 8 & & 


CAPT. 
CH See SOeeeeeaeee ees SAS AHSKSSRA SEA TASES SAAS ASSKSERSERESHEAHSAE SEEK EERERE EI 


QOOOND ®&© TU © wD ®& BDW 8 wm & MO COO wee ace OMY) ash er a) oe ey POG ne 


TEE EEN INT AIT RMR ADEE RANE NNNNINNAINTINNNNNE NMANNONT AE NER NMNSO 


4 


* 


Ped Ss De Ds Oe eee) oe oe oe 
=r 2 SRM Oe Cee Cea 
VOUUUUU UU UU UUUUE VOU UUUU UU UU DU UUUUUUUUUUUUUUUUUUUBUOUG OU ODE 
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OHORBOOOOOOMMOMAMAMMOAAIMAIANNANNANN 
O8 nt QL 80 Lik 8C Ot Se 8 8 ce Se a OC Oe i 


Cm 
CM 
cM 
CE 
Gw 
Gu 
Gu 
Ge 
GM 
Gu 
Gw 
GM 
GM 


RSESSSSESETSLSSESESSSTETASSSEKSKSSECSETCETCTAKCEARESSETK STAHL SERSEARESKAUSSeeecxseeaegegaeaeezeszee 


£a2 21G SOx Hew SODEL 


26 OCTOSPY 1986 
Glebe se he ae. 


TS1C 


RBSSTSTSSSTCSASETCCCTCTATSCETSKCEESCATSSE SSSR SKATES SS SSeS SCCSeSS eee se aeeeseaeeeesesenes 


CAPT. RJ. 
79,7, 0.9.9. 9.9.30. .9125 
ie. 0.0.0, 42,5,6, 100.100 
tse 2, 9,9,0, 34,9,9, .9125 
09.0. 0.9.30, 105.105 
eee 500.5. «9. 9768 5N. 109.197 
orn o,0,50, 0,176,6, .0125 
ii e000. 9.9.39, 120.129 
Wea O44. 9, 0:44,30, .0125 
Wee Ceo, 0.30.0, 123.123 
font. 020.0, 84,9,09~ 129.129 
Porat 0040, 42,2,30, 120.120 
ie 00.6, 42.6.6. i90.140 
wo, 1, ©,0.5, 7,94,50, 195.105 
ime G00. 0 5a,5, 165. 145 
ieereeo- 0-9. 5,0,-30, 189.151 
ipereere sO, 58.90, 0,484.53, .0125 
Welpmos 3), 3, 34,0,0, 179,179 
gs, 0,44,53, 84'44,53, .0125 
peo o, Oo. (0 48.5. 179.4373 
1997°1.°9744,55, 5,88,53, .0125 
eee. o, 88,9,9, 179 
0,0, 0,9,0, -d4,-176,19, 100.139 


FS SS SS SSS SSS SSS SSS SSS SSS SSS SS SSS SSS SSS SS SSS SSS SSS SESS SSS 


CREATE BOX ENDS 


PRONT AND BACK 


TOP AND BOTTOM 


RIN DSHE ELD 


nOV S STO" es") 


tt 
tt 
dt 


SIMPLIFIED BOX RADIO 


SSSSE SSS AST SSS HOSS Ss SS SS SH SSS SSS SSS SSK SSS SS SS SSS SSS ESS ses ese sso esesssses 


e 0625 
©9625 


0,0,0, 
4,0,0, 
4,0,11) 
O05 11 5 
0,12,0, 
0,0,0, 0O3;12,0), -0625 
4,0,0, 4,12,0, -0625 
QO,0,11, 11006111 
O»rl2,1, 100-115 


4,0,0,) 
4,0,l1l, 
O0,O,11, ~0625 
0,0,0, -0625 
100.103 
fic, i, 
Tas 1s 
ala. 0050+ 
0,03 0,0,0, 
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es BOX RADIO 3% 


MOVE TO FEED POINT 


=INNAAAAANNANNAN 
a a A ay ca 


a 


\ 


MAQAMAIADANRNANN 
Oo ue a) al ry Lae ik 


AAGHAANANAN 
(QU) as try oe eg 


AQQAAAAnaANN 
2000 cy Cy ie LE oe 


GW 
¥ 


RRESRARARRATURRRARARAARERERARERARAAARRARARALETAAERERARETARATRAEARARARERSRAEREAEEESTESE 
PIGAT 77 LEAL IALS CONN ZCTED 10 eo T0 
RADIALS PLACED 1 INCH BELOW THE GSOJNDS SURPACE 
DESIGN FPREQ =17.9 BPOSILON = 19 SIGYA= 4.093 


SRESKRERRE BERS REARS SAEAMAREARE SARSARUERAAARAAERAERRARE SAAR ARAATERERERE 


=e 

280,1, 0,0, 12, Orenlee ces *PSED TO GND RADIALS*® 
291.1, 9,6,12, 008 ue eos 

282,11, 0,050,650 foe ences 

393,414 2.6, 35 OMe eens 

564 1, 9.6 bare 0 e206 25 

3351, J,6.9, 80 -— laos 

246.1, 0:0,-1, OC ieeneeeOG?S ®GROUND RADIALS* 
237,2, Uslocigee oe ale 9625 

288,1, 0,5,-1, 0,9.-1, 025 

239,1. 9.9.-1, 0,15,-1, .9625 

0,9, 6.083333 *CONVERT INCHES TO PT* 
290°6, 0, 1025,~-.98333, 9,7.25,-7.08333, .0952 *RADIALS CONT* 
19,7, 9-0-4855 9,005 280-290 SCRZATE GED PADIAL GZOSETRY*® 
0,6,°0,8,5, §,9:5.9, 286.409 *HOVE RADIALS TO DOWNLBAD* 
0.0, 0,0,27077 01,010, 910 Jg00 *SCTATE TO -X AXIS*# 
1 *CONVERT PEYI TO NETER* 


SHR KKAAAATRKAARARATAARARAAAARARER ASTRA RAARART AAR HARTRAAARERAAREK RATERS SE 
DOWNLEAD INTO A YOO OHM TERM. RESZTSTIOR AND 8 PT GROUND ROD 


DESIGN FREQ =17.0 EPSILON = 10 Siok — 9.003 
RERESKACAAAAARARRAREKEAASAAAERAAAARARAARAARARA REAR AAARTAAERAAREEEEEAREEEESEE 


260,939, 0,264.82, 28. 95, 1,264.32,3, .0052 *TEPSINATION®* 
2o1,1, 0,268.02. 3, 0,200 aoe .0US2 

265,1, 9,260.80, fous. 9950 *>PSISTANCE S2GSPNT* 
270.9,.0,204.02,9, 02545990, -4- ..09052 *GROUND RCD*# 
0,0, 5, 1,279 ey. On. TOUR *ROTATE TO -&K AXIS* 
iF aPlET TO SETERS* 
u,265,1,1, 400 ~e. 402 OHS RESISTANCE 


RECEKAESSEAEARHKRAEKRAARERAAETEAAAESRTSERETARSERAAARERERRARTARAEERARAEEREBRERERERERAEREAEE 


8 PT GROUND ROD CONNCCTED TO THE RADIO 


DESIGN FREO =17.0 EPSILON = 10 SIGMNA= 0.003 
SERACHESA AAA ERACAACAEAARARAAKASER AAA AREREAAAAHAREE ERE ARE EERE EERE ES 


280, 1. One 12, 0,6, 12, 9625 *PPPD TO GND FOD* 
aA le oy] 0°6, - 3625 % 
282,2, 9 758 “9 3° dbs 135. 062 

*®SCALE INCHES TO FT 
0320s Be 3° , 0,0.5,-8, .9952 SGFOUND FODS 
1 *CONVERT PEET TC SETER® 


SKESEKSECAARSAREKRKAKRAKCARAKRARERAARAARSERARASRARARAEARRARERAARECERSRETERARAKEEEEALASAE 


PEPDBAGR LINE TO TYE PADIO 
DESIGN PREO =17.0 EPSILON = 10 SIGNA= 9.903 
RERRESRAERERRAEAEARE SARE AASE ET AAA RORRAERHRA ARERR AREER REESE EE 


zane 

290,1, 0,0, 12, M6, 12,mero25 *PEED FROM RADIO TO FEEDBACK LINE*® 
281.1, 0,060,125 046.6, 0625 

220) 0600 aad *SCALE TO INCHES TO FEPT* 
29051, 0,25;25-'0, 165,25, 20052 *PEEDBACK LINE® 
291, 1,°0,1.55257 0, 3.556 one eae 

209°1. 0.3:5,.5. 0.725.255. US 

393°39°, 59,7.5..5, 0, 2570 300 See ose 

294-1, 0,257.32,.5, Ose le oon oOo s2 

295,1, 0, 261.32,.5, 0 203192. .5 mons? 

296,1, 0,263. 32,45, 0,200 92,55 Ono? =TIZ INTO DOWNLEAD* 
1 *CONVERT PE°T TO AETER* 
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NiO yeu mDoDOonUD UDO OD dighnhnm DAAAINDAMDANIAAIHAAAARARANAAN 
HSV Ver vurvEr vr rte seg ee NU Se 


SKSARSKCECSKCSCSA SKA ST AEKSKKASESESTCEAKSTA EK SASASTASETTSEKSSESRSEHKRSE ASTER ALTEEAEEE 


RADIO GFIVEN LONGHIR2 
#1UA, 4.75L X¥ 0.SOL, SP 40 D 
DESIGN PREO =17.9 PoSriow = 14 


(NO RSKS 
SIGMA= 


4.903 


PESSERESSESERES ESET SEES SES SESESERSESE LES SES ESSERE TEESE SR ERSLES SESE SEES EES ESSE SES EE SE 


e™eM INSERT THE STANDARD BOX FADIC HERE *** 


Oe eo, 12, 0, 12.2726, -0625 
Deeb. 183533. , 
Beet t0) 1 2 15,9227, 20952 
Gu Ol ONG 43027. 3, 33.23, 28.95, 2.0052 
We 5. 33.22,28-95, 6, 36.23,29.95, .0952 
fealemoes6. 2320.95, 0.452.23.28.95. 0952 
3°29, §.42.23,28.95, 6, 255.382, 28.95, .0052 
B80, 255.82, 28.95, 3, 261.82,28.95- «0252 
672. 9,251.82, 28,95, 9, 264, 82,286.95, .0052 
089-27); 9,0,0, 190.300 

mo 

e093 

29,1 

mygcO 9020. 1,0 


21000, -20,10, 1,0 
1009, -90,20, 1,9 
tI90, =270,30, 1,0 
1000, -907,40, 1,0 
1090, 69,0, 0, 
1000 65,9, 
LOOT» ly 
209.0 72,0, 
1000, 80,0, 


= <-> % 
= * 


* 


e 


or Jer COR or we F482 8282 O28 8 
iit fin einw fa fe £2 Le Fa fu FIO 


* 


« 
= 


TV BV Bess we sewee ss wn wen se ae & NNNNVE O 


OWOWOWOWOWOWOWOWOWOWONO I @ONNNNNNNON 
teh New) 9 et et et ee et sh OOO 


s Fe BVPerereeQes oF wr AR OD AR OF « 


WOW WWOtLIQWODODOwOsOUOOOO 


oOo Oo &Y © 
e 
cect ads ts coe 


Or or 
a 
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SSbANT FEED TO HORIZ.* 


eee 
eee 
eee 


=SE 


rLE TO FT 


SSLANT FEED CONT.* 
HORI Z-. 


LONG WIFE® 


PROTATE TO =X AZIS*® 
SG@ONWERT FEET TC AETER* 


PEE 


VERT PAT 
NESTE AL 


VERT Pat & 


Var PAT 


HOLTZ 
HORTZ 
HORT2Z 
HORIZ 
HORTZ 


DAT 
PAT 
SAT 
PAT 
PAT 


PHI=4) 
THETA=60 
THe A= o> 
THRETA= 70 
THETA=75 
THETA=80 


APPENDIX C RADIATION PATTERNS OF ANTENNA ] 


ANTENNA 1A 
4 3/4 X 1/2 LAMBDA FREQ=17 MHZ PHI=0 
90 


ML 
IZ 


Lae 
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ANTENNA 1A 
4 3/4 X 1/2 LAMBDA FREQ=17 MHZ PHI=10 


90 


KU 


PATTERN GAIN IN DBI 
HORIZONTAL 





ELEVATION ANGLE 


69 


ANTENNA 1A 
4 3/4 X 1/2 LAMBDA FREQ=17 MHZ PHI=20 


90 


WI 
ir 


PSS 


SSS —3S5 SS Ly 
180 SSSR. 





PATTERN GAIN IN DBI 
HORIZONTAL 


VERTICAL 





ELEVATION ANGLE 


70 


180 





ANTENNA 1A 
4 3/4 X 1/2 LAMBDA FREQ=17 MHZ PHI=30 


90 


Up. 


QVM 


a oS ! IZ LE 
| Sy Eee 0 
=o 


60 


Seas an se 8 ae 
: » 10 


PATTERN GAIN IN DBI 
HORIZONTAL 


= emcmems VERTICAL 


TOTAL 


ELEVATION ANGLE 
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180 


ANTENNA 1A 
4 3/4 X 1/2 LAMBDA FREQ=17 MHZ PHI=40 


Rl 


WW 


SSQ0Vz. oe 
7 : 0 
: : 10 





ANTENNA 1B 





ANTENNA 1B 


JAZ 


aS , al 
180 : eel ee a 0 
—5 5 


0 10 





ANTENNA 1B 
4 3/4 X 1/8 LAMBDA FREQ=17 





| ANTENNA 1B 





ANTENNA 1B 





ANTENNA 1B 
4 3/4 X 1/4 LAMBDA FREQ=17 MHZ PHI=0 


90 


WIT 
A 


180 SS SS ee 
=a 0 5 


120 


iS 


t 
4 


© 


PATTERN GAIN IN OBI 
HORIZONTAL 





ELEVATION ANGLE 


78 


ANTENNA 1B 
4 3/4 X 1/4 LAMBDA FREQ=17 MHZ PHI=10 


ly 
Wi 


iS 
Ss At LL a 
0 : 


Ui 


aaa NS — 
: ae 
7 ; —= Seen 


~S 


ShaT HER AO toe 


VERTICAL 


ELEVATION ANGLE 





(cs, 


ANTENNA 1B 
4 3/4 X 1/4 LAMBDA FREQ=17 MHZ PHI=20 


TL, 
~$ 0 5 10 





80 


ANTENNA 1B 


4 3/4 X 1/4 LAMBDA FREQ=17 MHZ PHI=30 


120 


sO 


wh 
l 


60 


Z 


NX Ll) 


— aes 
ZS ae 

eo > Ss a 

2 : 5 10 
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180 


ANTENNA 1B 
4 3/4 X 1/4 LAMBDA FREQ=17 MHZ PHI=40 


90 


ay 
IZ 


YY 


— \ 


af ae 
WE 
-— SSS ‘ \ Wie 
oS ie 
-35 





PATTERN GAIN IN DBI 
eeeeeenes HORIZONTAL 





ELEVATION ANGLE 


~ ANTENNA 1B 





ANTENNA 1B 
4 3/4 X 3/8 LAMBDA FREQ=17 MHZ PHI=0 


uy 
HD. 


a 





180 





0 


ANTENNA 1B 
4 3/4 X 3/8 LAMBDA FREQ=17 MHZ PHI=10 


120 


WUT 
KZ 


— j 
44 i /; MY ao 


Sa Kea 
<5 0 : 
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= 


10 


0 


ANTENNA 1B 
4 3/4 X 3/8 LAMBDA FREQ=17 MHZ PHI=20 


90 





=e % f =f yo oo 
pS Sw L 


a WE 
SSeS ee aa 


Re : 0 


“5 0 2 10 


PATTERN GAIN IN OBI 
HORIZONTAL 


ELEVATION ANGLE 
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ANTENNA 1B 
4 3/4 X 3/8 LAMBDA FREQ=17 MHZ PHI=30 


a0 


SAI 
CY 


D>, 
2 


-S 


0 


180 | 





ANTENNA 1B 





ANTENNA 1B 


4 3/4 X 3/8 LAMBDA FREQ=17 MHZ THETA=70 





4 3/4 X 1/2 LAMBDA 


yp. 


S 


FSX 





) 


ANTENNA 1C 
FREQ=17 MHZ PHI=O 
90 


YZ 


| Yen 
-—5 0 


ANTENNA 1C 


4 3/4 X 1/2 LAMBDA FREQ=17 MHZ PHI=10 





ANTENNA 1C 
AMBDA FR 


Ss 


180 ies sa 


lp 
2 


Lg 


0 10 





4 3/4 X 1/2 LAMBDA FRE 





ANTENNA 1C 





ANTENNA 1C 





ANTENNA 1D 
4 3/4 X 1/2 LAMBDA FREQ=17 MHZ PHI=0 


90 


WUT 
ie 


1 
180 : ere y | ae 


s 


PATTERN GAIN IN DBI 
HORIZONTAL 





ELEVATION ANGLE 
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ANTENNA 1D 
4 3/4 X 1/2 LAMBDA FREQ=17 MHZ PHI=10 





PATTERN GAIN IN OBI 
HORIZONTAL 


TOTAL 


ELEVATION ANGLE 





ANTENNA 1D 
4 3/4 X 1/2 LAMEDA FREQ=17 MHZ PHI=20 


90 





PATTERN GAIN IN OBI 
HORIZONTAL 


ELEVATION ANGLE 





ae 


ANTENNA 1D 
4 3/4 X 1/2 LAMBDA FREQ=17 MHZ PHI=30 


AHH 
Ww Z 


YY, LZ 
on = AN u VBE ee _ 
| - a Ne A—ze ee 3. 


= ~. ""& Ely es 
8 ss NF 
== ot a 





PATTERN GAIN IN DB! 
HORIZONTAL 


ELEVATION ANGLE 





99 


ANTENNA 1D 
4 3/4 X 1/2 LAMBDA FREQ=17 MHZ PHI=40 


90 


AN 
ig 








* Lor 
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a * 
ax Se : / ; | 
\ , iy oP, 
Sy GZ og 
. | =s3 = | 


PATTERN GAIN IN DBI 
HORIZONTAL 


ELEVATION ANGLE 





ANTENNA 1D 


4 3/4 X 1/2 LAMBDA FREQ 


17 MHZ THETA=75 





3S ———~_____10 





ne 


180 


taal 

< 
—-— 
oOo z 
a Aa 
2 i 
—- & 
Zo 
a ak 
a | 
Zz a 
o 
a e 
a | 
a 8 
a 8 
i 
8 
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ANGLES IN DEGREES TRUE 





LOT 


ANTENNA 1E 
MBDA FREQ=17 MHZ PHI=10 
90 
60 


IZ 


SA 








ANTENNA 1E 








ANTENNA 1E 











~ ANTENNA 1E 





ANTENNA 1F 


A 3/4 X 1/2 LAMBDA FREQ=t7 MHZ PHI=O 





ANTENNA 1F 





ANTENNA 1F 


UD. 


ST 


aa 3 


‘ 








ANTENNA 1F 
4 3/4 X 1/2 LAMBDA FREQ=17 MHZ THETA=75 





ANTENNA 1F 





<i 


LIE 
ap SN IZ | 





ANTENNA 1G 
4 3/4 X 1/2 LAMEDA FREQ=17 MHZ PHI=10 





ANTENNA 1G 


4 3/4 X 1/2 LAMBDA FREQ=17 MHZ PHI=20 





ANTENNA 1G 


i ee 





ANTENNA 1G 


4 3/4 X 1/72 LAMBDA FREQ=17 MHZ PHI=40 





ANTENNA 1G 





ANTENNA 1H 
4 3/4 X 1/2 LAMBDA FREQ=17 MHZ PHI=O 
ae 

120 


Wii 


x7, 
CA 


0 








ANTENNA 1H 





ANTENNA 1H 


4 3/4 X 1/2 LAMBDA FREQ=17 MHZ PHI=30 





ANTENNA 1H 





ANTENNA 1H 





APPENDIX D RADIATION PATTERNS OF ANTENNA 2 


ANTENNA 2A 
100 X 15 FT FREQ=17 MHZ PHI=0 
36 






YY 
ax r. ik Ye 
NY NI YAKCGEES | 


-5 0 5 10 


0 


PATTERN GAIN IN OBI 
HORIZONTAL 


: a VERTICAL 
TOTAL 


ELEVATION ANGLE 





x 


ANTENNA 2A 
100 X 15 FT FREQ=17 MHZ PHI=10 


iy 


QA HI 


— 
— 





WEZ 
Sy YYZ 


ANTENNA 2A 
100 X 15 FT FREQ=17 MHZ PHI=20 








ANTENNA 2A 
100 X 15 FT FREQ=17 MHZ PHI=30 


180 





PATTERN GAIN IN OBI 
HORIZONTAL 


TOTAL 


ELEVATION ANGLE 





uo 


ANTENNA 2A 
100 X 15 FT FREQ=17 MHZ PHI=40 


PATTERN GAIN IN DB! 
HORIZONTAL 
ae ee VERTICAL 





ELEVATION ANGLE 


ANTENNA 2A 


We xX 1S FT PREO=17 MHZ THETA=60 





PS 


ANTENNA 2A 
100 X 15 FT FREQ=30 MHZ PHI=0 


20 


< Wy Z 
— SWwZ 
-5 0 


PATTERN GAIN IN OBI 
HORIZONTAL 





ELEVATION ANGLE 


132 


ANTENNA 2A 
100 X 15 FT FREQ=30 MHZ PHI=10 





PATTERN GAIN IN DBI 
HORIZONTAL 


TOTAL 





ELEVATION ANGLE 


1 hes 


ANTENNA 2A 
100 X 15 FT FREQ=30 MHZ PHI=20 


D>. 


\ 
VI 


SSS 


a 





PATTERN GAIN IN DBI 
HORIZONTAL 


TOTAL 


ELEVATION ANGLE 





134 


Ee 


a GF, Se. 


ANTENNA 2A 
100 X 15 FT FREQ=30 MHZ PHI=30 


\\i ID 
SiwZ 


ay, 


S 
Ss 





PATTERN GAIN IN DBI 
HORIZONTAL 


ELEVATION ANGLE 





135 


ANTENNA 2A 
100 X 15 FT _FREQ=30 MHZ PHI=40 





PATTERN GAIN IN DBI 
HORIZONTAL 





ELEVATION ANGLE 


- ANTENNA 2A 
100 X 15 FT FREQ=30 MHZ THETA=65 









PATTERN GAIN IN DBI 
evweaenen HORIZONTAL 


TOTAL 


ANGLES IN DEGREES TRUE 


37 


ANTENNA 2B 





. ANTENNA 2B 








ANTENNA 2B 





ANTENNA 2B 


HD 





ANTENNA 2B 





101 41S eee 
20 


V2 


—“— 
SEP E— 


WA 
Ce 
. ° 10 


0 





ANTENNA 2B 
121X 15 FT FREQ=30 MHZ PHI=1 


t | / 60 
| | | 
| 





PATTERN GAIN IN OBI 
HORIZONTAL 


VERTICAL 


TOTAL 





ELEVATION ANGLE 


145 


ANTENNA 2B 
121X 15 FT FREQ=30 MHZ PHI=20 





PATTERN GAIN IN DBI 
HORIZONTAL 





ELEVATION ANGLE 


146 


ANTENNA 2B 
121X 15 FT FREQ=30 MHZ PHI=30 





PATTERN GAIN IN OBI 
HORIZONTAL 


TOTAL 





ELEVATION ANGLE 


147 


ANTENNA 2B 
121 


lp 


<p. 
SU 


=—S 





ANTENNA 2B 
121X 15 FT FREQ=30 MHZ THETA=70 





ANTENNA 2C 
121X 6FT FREO 
90 


<p. 


180 








ANTENNA 2C 


| ANTENNA 2C 





7 ANTENNA 2C 





ANTENNA 2C 





ANTENNA 2C 








ANTENNA 2C 


ANTENNA 2C 





ANTENNA 2C 
FT FREQ=30 MHZ PHI= 


My; 


180 ieee JE 
-5 0 





ANTENNA 2C 





ANTENNA 2C 
ie 30M 


SS ZA 


0 





ANTENNA 2C 
121 X 6 FT FREQ=30 MHZ THETA=70 








ANTENNA 3A 


| ANTENNA 3A 








MN 
AW 


QE DEE 
- a, 





ANTENNA 3A 





ANTENNA 3A 


UD. 


180 





ANTENNA 3A 





ANTENNA 3A 








ANTENNA 3A 








ANTENNA 3A 
100 X 6 FT _FREQ=30 MHZ PHI=20 





ANTENNA 3A 


FREQ=30 MHZ PHI=30 








ANTENNA 3A 


ANTENNA 3A 





UD. 
SAS 





ANTENNA 3B 





ANTENNA 3B 





1 


— 


ANTENNA 3B 


108 eras 
90 
20 


C mM 
IY 


60 


oo . WY ILE on 





ANTENNA 3B 








ANTENNA 3B 





ANTENNA 3B 
108 FREQ=30 MHZ PHI=10 
o 


oy 


Che 


180 Tamme 0 
—5 5 0 


0 1 





ANTENNA 3B 





ANTENNA 3B 





~ ANTENNA 3B 





ANTENNA 3B 








ANTENNA 3C 


ANTENNA 3C 





~ ANTENNA 3C 





CI 


180 SS , ZZ 





od . 


Sp 
cz 


fe = 





ANTENNA 3C 





ANTENNA 3C 





~ ANTENNA 3C 





~ ANTENNA 3C 








/ ANTENNA 3C 





ANTENNA 3C 





ANTENNA 3C 





APPENDIX F RADIATION PATTERNS OF ANTENNA 4 
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